Several studies have reported that neural tube defects (NTD) occur more frequently among children born to women of lower socio-economic status (SES). This study investigated the relationship between individual-and neighbourhood-level SES and the risk of an NTD-affected pregnancy. Data were drawn from a population-based case-control study of fetuses and infants among a cohort of California births between July 1999 and June 2003. Information on individual SES was obtained via telephone interviews with mothers of 337 (76% of eligible) cases and 626 (79% of eligible) nonmalformed liveborn controls. Respondents' addresses were linked to the 2000 US Census to characterise six measures of neighbourhood SES (education, poverty, unemployment, occupation, crowding and rental occupancy).
Introduction
The higher frequency of neural tube defects (NTD) -malformations secondary to abnormal neural tube closure that occur between the third and fourth weeks of gestational age -among children born to women of lower socio-economic status (SES) has been well documented in the epidemiological literature. As early as 1958, several studies in the British Isles showed a two-to fourfold increase in the risk of anencephaly and spina bifida among lower socioeconomic groups. 1 The elevated risk associated with lower SES has been observed in several other countries, including Australia, 2 Canada, 3 Mexico 4 and China. 5 In the United States, this association was reported in one of the earliest studies on the prevalence of NTDs. 6 Subsequent studies that examined the association between SES and risk of NTD-affected pregnancies offered mixed results: four studies indicated an increased risk, [7] [8] [9] [10] while two others reported no association. 11, 12 In the aforementioned research, however, the SES measures were generally limited to individual attributes and did not consider the features of the neighbourhoods where the study respondents resided. Although individual and neighbourhood characteristics tend to be correlated, each can nonetheless exert an independent effect. For example, a mother with low individual-level SES can live in and derive benefits (e.g. better access to health clinics) from a community where the neighbourhood SES is comparatively high. In fact, several studies have suggested an association between increased health risks and the attributes of socioeconomically deprived neighbourhoods. [13] [14] [15] [16] Meanwhile, other studies have linked the variation in the prevalence of NTDs to the differing socio-economic characteristics of small geographical areas. [17] [18] [19] In theory, therefore, evaluations of the influence of SES upon the risk of NTDs in the offspring ought to consider the contributions of both individual attributes and neighbourhood characteristics.
An important exception along these lines was the publication by Wasserman and colleagues 9 of a case-control study of California pregnancies between 1989 and 1991 which found that lower individual SES as well as residence in a lower SES neighbourhood increased the risk of NTD-affected pregnancies. The current study builds directly upon that example by seeking to re-evaluate the relationship between SES and NTD risk, using more recent data from a similar geographical setting. The analysis employs data from a large, population-based case-control study in California to simultaneously investigate the role of individual and neighbourhood socio-economic characteristics as NTD risk factors.
Methods
The study was confined to deliveries that had estimated dates of delivery (EDD) between July 1999 and June 2003. Eligible as cases were all liveborn, stillborn (i.e. fetal deaths at >20 weeks' gestation) and prenatally diagnosed, electively terminated cases that occurred to mothers residing in Los Angeles, San Francisco and Santa Clara counties. Data collection specialists ascertained information on cases from multiple hospital reports and medical records, and this information was reviewed by a clinical geneticist to determine eligibility. A total of 441 cases of NTDs, including anencephaly and spina bifida, were identified. Infants with trisomies, 22q11 microdeletions, other unbalanced chromosomal abnormalities or known single gene disorders were not eligible for this study. In addition, a total of 786 non-malformed, liveborn controls were randomly selected from the same birth hospitals as cases to represent the general population from which cases were derived.
Mothers of cases and controls were eligible to be interviewed if they were the biological mother, carried the pregnancy of the selected study subject, were not in prison and used English or Spanish as their primary language. Overall, 337 mothers (76% of those eligible) in the case group and 626 mothers (79% of those eligible) in the control group were interviewed. Interviews were conducted in English or Spanish and took place primarily over the telephone, no earlier than 6 weeks after the relevant EDD. The median time between EDD and interview completion was 10 months for cases and 8 months for controls.
A standardised, computer-based questionnaire was used to elicit details on individual-level SES measures and potential covariates during the 4-month pericon-ceptional time period, defined as 2 months before to 2 months after conception. Indicators of individual-level SES included maternal education (<high school, high school, some college, and ≥4 years of college); employment during the periconceptional period, including paid, voluntary or military service, and part-and full-time jobs (yes or no); paternal employment during the periconceptional period, including paid, voluntary or military service and part-and full-time jobs (yes or no); and household income (<$10 000, $10 000-$19 999, $20 000-$29 999, $30 000-$39 999, $40 000-$49 999 and ≥$50 000). The respondents were also asked to report addresses for all residences at which they had lived for at least a month during the periconceptional period. These addresses were geocoded to the 2000 US Census tracts and block groups using EZLocate, an online geocoding service (http://www.geocode.com). In case of multiple geocoded addresses for a single individual, one address was selected at random for analysis. The Census information was linked and incorporated into the analytical data set.
Following the approach of Wasserman and colleagues, 9 we employed six census measures to reflect neighbourhood-level (i.e. block group) SES: (1) education (proportion of the population aged ≥25 who did not graduate from high school or its equivalent), (2) poverty (proportion of the non-institutionalised population living below poverty level, which was $17 029 for a family of four in 1999), (3) unemployment (proportion of the population aged ≥16 that is not working), (4) operator/labourer occupation (proportion of the employed population aged ≥16 years in occupations that include operators, fabricators and labourers), (5) crowding (proportion of occupied housing units with an average of more than one person per room), and (6) rental occupancy (proportion of occupied housing units that are rented). Each census measure was divided into quartiles based on the distribution among the control population. Values below the 25th percentile reflect the highest SES category for each measure, whereas values greater than the 75th percentile reflect the lowest SES category. In addition to the six separate censusbased indicators of neighbourhood SES, we created an SES index to examine a potential gradient in risk across these measures. 9 For each neighbourhood measure, lower SES -as represented by the highest quartile -was assigned a value of 1, and 0 otherwise. The SES index value for a respondent equalled the sum of these values across the six measures. For example, if she resided in a neighbourhood that had no census-based measures in the highest quartile, she was assigned an SES index value of zero; if her neighbourhood had all six measures in the highest quartile, her SES index value would be 6.
Analyses were conducted using SAS version 9.1 (SAS Institute, Cary, NC, USA). Odds ratios (OR) and corresponding 95% confidence intervals [CI] were estimated from logistic regression models, with the analytic data set limited to women with complete block group data. First, we examined the association of each measure of individual-level SES with NTD risk. Next, we estimated the risk for NTDs across quartiles of the neighbourhood (i.e. block group) SES measures, with the highest SES quartile serving as the reference group. Finally, we investigated the potential combined effects of individual-and neighbourhood-level SES measures. All analyses were conducted with and without adjustment for the following covariates: maternal age at the time of conception, body mass index (BMI), maternal race/ethnicity (US-born Hispanic, foreign-born Hispanic, White, Asian, African American, or other), gravidity defined as number of prior pregnancies including the index pregnancy (0, 1, 2 or ≥3), and intake of folic acid-containing supplements (yes or no).
Results
Maternal characteristics for cases and controls are presented in Table 1 . A majority of mothers of both groups were 25-34 years of age, with an average age of approximately 29 years. Relative to controls, mothers of cases were more likely to be foreign-born Hispanic and to have less than a high school education (Table 1) , and less likely to have used folic acid-containing supplements during the periconceptional period (Table 2 ). Geocoding at the block group level was successful for 283 (84%) of interviewed cases and 552 (88%) of interviewed controls. The primary reason for the lack of success with geocoding was invalid or incomplete street addresses. Relative to women with incomplete block group data, women with complete block group data were more likely to be US-born Hispanics, have completed high school and some college education, be employed, and have used folic acidcontaining supplements (Table 2) . With the exception of the intake of folic acid, the magnitude of these differences tended to be slightly greater for cases than for controls.
Unadjusted risk estimates indicated that relative to women with high school education, those with less than high school education had 1.7-fold increased risk of delivering infants with NTDs [95% CI 1.2, 2.6] ( Table 3) . The results for the phenotype subgroups, anencephaly and spina bifida, were similar to those reported for all NTD cases combined. The results did not tend to support our hypothesis that higher NTD risk would be associated with decreasing household income or with parental unemployment. In general, these patterns persisted after adjustment for the covariates maternal age, race/ethnicity, BMI, gravidity and intake of folic acidcontaining supplements (data not shown).
The unadjusted risk estimates associated with the four SES quartiles were close to unity for all six neighbourhood measures, thus offering no evidence that neighbourhood SES was associated with the risk of NTDs (Table 4) . Moreover, results for the estimations that employed the SES index revealed no consistent risk gradients in the relationship between NTD-affected pregnancies and indicators of lower neighbourhood SES (Table 5) .
A twofold elevated risk for NTDs was observed among women who had less than a high school education and lived in lower education neighbourhoods [OR 2.0, 95% CI 1.3, 3.1] ( Table 6 ). The results for the phenotype subgroups, anencephaly and spina bifida, were similar to those reported for all NTD cases combined (data not shown). Similar results for NTDs were observed in regards to unemployed fathers who lived in neighbourhoods with high unemployment (OR 2.0; 95% CI 0.9, 4.6). This increase can be attributed largely to the phenotype subgroup spina bifida, for which nearly a threefold increase in risk was observed (OR 2.9; 95% CI 1.2. 7.0). Other contextual analysis of individual-and neighbourhood-level SES measures provided no additional evidence that the risk of NTDs associated with individual-level SES measures varied by the socio-economic characteristics of the neighbourhood. Analyses adjusted for potential covariates revealed attenuated risk estimates; however, they did not significantly alter the conclusions based on the crude estimates (data not shown).
Discussion
This study employed a multilevel approach, assessing several different measures of individualand neighbourhood-level SES as risk factors of NTDs, using data derived from births subsequent to the introduction of mandatory folic acid fortification. Only one measure of individual SES -mother's education -was associated with elevated risks of NTDs. None of the neighbourhood SES measures exhibited such a relationship on its own. The average education level of the neighbourhood, however, acted in conjunction with the mother's education level to affect risk of NTDs in offspring, which was elevated among women who did not graduate from high school and lived in a predominantly less educated neighbourhood. In addition, the results suggested an increased risk of NTDs among offspring of unemployed fathers who lived in neighbourhoods with high unemployment. The conclusions remained the same in analyses that considered relevant covariates, as well as separate analyses for the two phenotypes, anencephaly and spina bifida.
Our finding of an association between low levels of maternal education and an increased risk of NTDs is consistent with the conclusions of Wasserman et al. 9 Their results have been substantiated by several subsequent studies, where the reported risk estimates for NTDs ranged between 1.8 and 2.3 for mothers with less than a high school education. 4, 5, 10 These findings, however, diverge from the conclusions of two other studies that observed no association between risk of NTDs and educational level of the mother. 11, 12 At the same time, we did not detect any significant effects associated with the other measures of individual-and neighbourhood-level SES, whereas Wasserman et al. found that lower income, employment in manual occupations and residence in a lower SES neighbourhood were associated with increased risk of an NTD-affected pregnancy. 9 Although the methodologies of the two studies are similar, one potential source of the difference is the timing of the data collection. The cases for the Wasserman study were ascertained prior to the mandatory fortification of enriched cereal-grain products with folic acid to help prevent pregnancies affected by NTDs, which began in January 1998. In contrast, our data were collected from the period after the mandatory fortification policy was instituted. Thus, it is possible that the pattern of occurrence of NTDs between the two studies is different because the NTDs prevented by fortification have been removed from consideration. These NTD cases may have contributed to the Wasserman findings. This is speculation, however, and cannot be answered by this study.
Direct comparison of our findings with those in the existing literature is difficult because of the differences in the SES indicators employed in the analyses, the time period over which data were collected, the geographical areas where the studies were conducted, and the characteristics of the study populations. Only Wasserman et al. evaluated both individual-and neighbourhoodlevel SES measures in relation to California births; as was mentioned previously, however, their data were collected prior to mandatory fortica-tion. 9 Two of the other studies were conducted in Colo-rado 10 and Texas, 20 respectively, and limited their study population to Hispanic women who were born either in the US or Mexico, in all cases prior to fortification. Two further studies focused on women who resided in Mexico 4 and Spain 12 respectively. In addition, the studies did not derive the samples of infants with malformations in an equivalent manner -one included all liveborn, stillborn and electively terminated cases with NTDs, 9 another used livebirths and stillbirths, 20 and a third used only livebirths. 10 The increased risk of NTD-affected pregnancies associated with lower levels of maternal education -as an indicator of low SES -may reflect several circumstances. First, although our study included electively terminated cases, the ascertainment of those cases may have been incomplete. The latter circumstance could explain some of the observed increased risk of NTDs associated with lower levels of maternal education. That is, low education is correlated with low SES, and low education is inversely correlated with women seeking prenatal diagnosis and termination of NTDs. 21 Thus, our study population may have been artificially enriched with case mothers of lower SES. Second, low maternal education could be associated with poor access to a well-balanced diet that includes food rich in folate. 9 Our results indicate, however, that the association of low SES with NTDs persists even after controlling for folate intake, which suggests that the relationship may be multifactorial, reflecting SES, dietary habits and access to primary health care services. Finally, residual confounding cannot be ruled out as a possible explanation for our findings. Although all of the analyses were ultimately adjusted for several covariates known to be associated with both the exposures and the outcome, it is possible that the omission of additional unmeasured confounders contributed to our results.
The current study has several key features that make it a significant contribution to the existing literature. One is the evaluation of both individual socioeconomic attributes and neighbourhood characteristics. This multilevel approach has been utilised successfully when evaluating the association between SES and other reproductive outcomes, e.g. low birth-weight, 21, 22 preterm delivery 23 and stillbirth. 24 Only two studies to date, however, have extended this approach to the study of birth defects; one examined NTDs, 9 the other conotruncal heart defects and clefts. 25 We build upon and extend this prior research, using data from a large population-based casecontrol study conducted with a diverse sample. Another strength of our analysis is the consideration of multiple indicators of both individual-and neighbourhood-level SES, which demonstrated that the results are not sensitive to alternative forms of measurement. The analysis was further enhanced by examining NTDs as an aggregate group and as the two primary phenotypes, anencephaly and spina bifida, which is particularly crucial given the prospect that aetiologies may differ.
A limitation of the study could be the prospect of selection bias resulting from two sources. The first potential source is the inability to geocode all residential addresses. This circumstance may present a problem if the control mothers who were excluded from the analyses because of unmatched addresses were disproportionately lower on both the individual-and neighbourhood-level SES measures when compared with the case mothers with unmatched addresses. The data indicate, however, that the opposite may be true: the case mothers whose addresses could not be geocoded actually had lower incomes and were more likely to have less than a high school education and be foreign-born Hispanic as compared with the unmatched control mothers. The fact that we had to omit these cases from the study could be a reason for the lack of findings with respect to several of the individual-and neighbourhood-level SES measures. The second potential source of selection bias is factors associated with nonparticipation in the study. We are unable to estimate the impact of these factors, as data were not available to compare study participants with non-participants.
In conclusion, we found that low maternal education, a measure of individual SES, was associated with an elevated risk of NTD in offspring. In addition, this risk varied by the educational profile of the neighbourhood: the risk was higher among women who did not graduate from high school and lived in predominantly less educated neighbourhoods. The results offer no evidence that neighbourhood SES per se has an independent role in the aetiology of NTDs and no consistent risk gradients were observed between NTD-affected pregnancies and indicators of lower neighbourhood SES. Table 3 Unadjusted association of risk of neural tube defects with individual-level indicators of socio-economic status Table 4 Unadjusted association of risk of neural tube defects with neighbourhood-level SES measures a The count represents the number of mothers in each quartile; e.g. the count for Q4 reflects the number of individuals in the lowest quartile for each SES measure. OR, odds ratio; CI, confidence interval; SES, socio-economic status.
Table 5
Unadjusted association of risk of neural tube defects with the SES Index 
